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 ABSTRACT OF THESIS 
 
FATTY ACID PROFILE IN RUMINAL CONTENT AND BLOOD PLASMA OF 
FINISHING BEEF CATTLE, SUPPLEMENTED WITH DIFFERENT SOURCES OF 
FAT 
 
Eight steers were used in a replicated 4 x 4 Latin square design experiment to study the 
rumen metabolism of polyunsaturated fatty acids. The animals were fed a concentrate 
diet based on cracked corn grain, corn silage and hay fescue (K31). The dietary fat 
treatments were a negative control, tallow added at 60g/day, fish oil at 60g/day and 
heterotrophically grown microalgae high in DHA at 100g/day. Treatments were 
incorporated immediately prior to feeding each day and dosed through a ruminal fistula 
mixed with 0.45kg of the diet.  Animals were fed at 1.75 x NEm once daily during 
adaptation then switched to twice daily during sample collection. Samples rumen, 
reticulum and omasal contents were used to determine ruminal digestion and metabolism 
of fatty acids while urine and feces were collected to determine diet digestibility and N 
balance. The experiment was analyzed as a Latin Square design with a 2 x 2 factorial 
using mixed models in SAS. There was no difference among treatments for DMI, urine or 
fecal excretion, N balance, total VFA concentrations, omasal or reticular flow, and 
apparent digestibility. Fat treatments had lower blood plasma C18:0 than control. Algae 
increased flow of C18:1 isomers and increased DHA in plasma.  
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CHAPTER ONE: INTRODUCTION 
Because red meat contains a high concentration of saturated fatty acids, 
supplementing cattle with a polyunsaturated fatty acid source in the diet could improve 
the fatty acid profile of the meat (Duckett and Gillis, 2010). Saturated fat can increase the 
risk of coronary heart disease in humans (Vartiainen et al., 2010), increase plasma 
cholesterol (Keys et al. 1965) by elevating low-density lipoproteins (LDL) and 
cholesterol content in the blood (Bronte-Stewart et al., 1956). High levels of saturated fat 
in the diet can stimulate cholesterol synthesis by the liver (Keys et al. 1965), increasing 
the production of very low-density lipoproteins (VLDL), that are oxidized in the blood 
producing LDL and also by reducing LDL receptor activity in the cell membranes 
(Bronte-Stewart et al., 1956). Consuming a diet rich in long-chain n-3 polyunsaturated 
fatty acids (PUFA) could improve human health, because consuming a PUFA enriched 
diet activates the peroxisome proliferator-activated receptor γ (PPARγ); (Xiao et al., 
2006) which up-regulates uncoupling protein 2 (UCP2). Mitochondrial uncoupling 
protein 2 (UCP2) dissipate protons before it can be used in oxidative phosphorylation 
pathway, generating heat instead of ATP, limiting the energy production capacity of  β-
cells, inhibiting insulin secretion (Fleury et. al., 1997). When UCP2 is over expressed, it 
reduces glucose-stimulated insulin secretion (GSIS), this could potentially impact type 2 
diabetes, which is caused by insulin resistance when this hormone is produced in excess 
by β-cells in the pancreas (Chan et al., 1999). 
Mammals are not able to convert omega-6 fatty acid isomers to omega-3 due to 
the absence of the enzyme omega-3 desaturase. When the consumption of omega-3 
increases the content of omega-6 in the cell membrane is partially replaced (Simopoulos, 
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1991). The omega-6 arachidonic acid produces lipoxins, prostaglandins, leukotrienes, 
hydroxy fatty acids and thromboxanes that when produced in large quantities contribute 
to the formation of thrombus and atheroma. Tromboxanes are vasoconstrictors produced 
during the prostaglandin synthesis from arachidonic acid (C20:4n6) (Simopoulos, 2006). 
Diets containing a high ratio of omega-6: omega-3 is related to high rates of 
cardiovascular, inflammatory and autoimmune diseases, rheumatoid arthritis, asthma, 
depression and cancer. Omega 6 isomers oxidize LDL present in the blood plasma, 
leading to cholesterol accumulation (Simopoulos and Cleland, 2003). Meanwhile, 
increasing the consumption of omega-3 PUFA decreases the incidence of cardiovascular 
diseases because it reduces plaque build-up in the arterial walls (atherosclerosis). This 
occurs because when LDL is oxidized by omega 6 isomers, macrophage lysosomes 
hydrolyze lipoprotein cholesterol esters, accumulating unesterified cholesterol in its 
lysosomal compartment (De Caterina et al., 1994). Blood pressure is significantly 
reduced when humans consumed 3g/d of omega-3 fatty acids or more once omega 3 
isomers reduce the production of thromboxane vasoconstrictor and increase the 
production of prostacyclin vasodilator (Morris et al., 1993; Appel et al., 1993). Also, 
omega-3 fatty acids are essential for the composition of brain lipids, retina and sperm 
(Neuringer et al., 1988), the development of cortical function in infants (Albert et al., 
1998; Kang and Leaf, 1994; Agren et al., 1997), reduction of rheumatoid arthritis, 
ulcerative colitis (Hawthorne et al., 1992), atopic dermatitis and psoriasis (Bittiner et al., 
1988). Consuming omega-3 eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA) could be beneficial to human health. These fatty acid isomers prevent 
hypertension due to their ability to lower blood pressure by inhibiting the activity of the 
3 
Δ5desaturase enzyme, which is required for the production of arachidonic acid (Engler, 
1996). Also, plasma triglyceride can be reduced 25% to 30% by consuming high doses of 
EPA and DHA (4g/d) due to reduction in VLDL synthesis and increase in LDL cell 
membrane receptor activity (Harris, 1997). Docosahexaenoic acid is an essential 
component of the central nervous system since it is a component of the brain membrane 
(Crawford et al., 1997), and also increases brain development in children (Martinetz, 
1992). These findings demonstrate that it is very beneficial to increase the consumption 
of omega-3 fatty acids, and reduce the dietary intake of n-6 PUFA.  
Wahle et al. (2004) suggested that long-chain fatty acids can prevent diseases by 
altering the expression of inflammatory cytokines produced by macrophages. Conjugated 
linoleic acids (CLA) were also identified as anticancer agents (Pariza et al., 2000), 
reducing agents in the production of inflammatory cytokines (Song et al., 2004), and 
regulators in vascular homeostasis (Torres-Duarte et al., 2003). Other benefits to 
increasing PUFA consumption would be a decrease in body fat deposition by reducing 
adipose cell fill and proliferation. Studies have shown that CLA consumption decreases 
percent body fat by regulating enzymes involved in fat metabolism (Blankson et al., 
2000). Rats consuming conjugated linoleic acid had body fat decrease in response to an 
increase in the activity of palmitoyl carnitine acyl transferase (CPT) which facilitate the 
entry of fatty acids through the mitochondrial inner membrane, and a reduction of 
lipoprotein lipase which hydrolyze triglycerides present in VLDL (Keim et al., 2003).  
These studies demonstrate the importance of decreasing the consumption of 
saturated fat and increasing PUFA intake in humans. Human health could benefit if the 
fat profile in red meat was improved by increasing PUFA content, red meat has the 
4 
highest pounds per capita consumption in U.S. according to USDA’s Economic Research 
Service.  
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CHAPTER TWO: LITERATURE REVIEW 
 
FAT SUPPLEMENTATION 
Fat Metabolism and Biohydrogenation 
 In ruminants dietary fat is hydrolyzed into free fatty acids (FFA) by microbial and 
protozoal lipases, galactosidases and phospholipases in the rumen (Demeyer & Van 
Nevel, 1995). The microbial population hydrolyzes the fatty acids from the glycerol 
backbone followed by the hydrogenation of the FFA. Unsaturated fats suffer 
biohydrogenation by the rumen bacteria converting linoleic acid (C18:2) and linolenic 
acid (C18:3) into stearic acid (C18:0) (Figure 1) (Harfoot & Hazlewood, 1988). 
Biohydrogenation is the reduction of double bonds in the fat molecule or the adding of 
hydrogen atoms by the action of isomerases and reductases (Jenkins, 1993). High levels 
of unsaturated fat supplemented in the diet can cause an incomplete biohydrogenation of 
linoleic acid, leading to the production of isomers like trans-vaccenic acid (C18:l trans-
11), which will lead to a reduction in stearic acid (C18:0) content (Harfoot et al. 1973). 
Microbial biohydrogenation is affected by low ruminal pH (Van Nevel and 
Demeyer, 1996) which can be caused by feeding a high concentrate diet where the 
greater amounts of nonstructural carbohydrates are rapidly fermented by the microbial 
population in the rumen (Kalscheur et al., 1997). This decrease in pH alters the bacterial 
profile of the rumen and results in an incomplete biohydrogenation of fatty acids 
accumulating trans-C18:1 by decreasing the conversion of it to stearic acid. This 
accumulation leads to milk fat depression in lactating cows once it can reduce de novo 
synthesis in the mammary gland (Duckett and Gillis, 2010). A diet high in fat can reduce 
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structural carbohydrate digestion due to the shift in volatile fatty acid (VFA) production, 
where acetate: propionate (A:P) is shifted due to an increase in propionate and decrease 
in acetate and butyrate (Jenkins, 1993). The change in digestion is generated due to the 
change in microbial population in the rumen, inhibiting microbial growth and reducing 
the protozoa population. This reduction in structural carbohydrate digestion is not 
observed when the diet is enriched with sources containing polyunsaturated fatty acids 
with 20 to 22 carbons in the structure (Doreau and Chilliard, 1997) such as fish oil and 
algae. Nonstructural carbohydrates appear less affected by dietary fat supplementation as 
starch digestion was not compromised when cattle received fat supplementation. Fat 
coating on feed particles impact is lower in nonstructural carbohydrates, and bacteria can 
attach more efficiently, allowing microbial membrane lipase action (Bock et al., 1991). 
Fat sources containing high levels of polyunsaturated fatty acids cause 
disturbances in the rumen environment due to the toxic effect of this isomer to the 
microbial population. Bacterial lipid membrane content is about 90% saturated fat, so 
unsaturated fats can alter its membrane fluidity, reducing microbial lipase action, 
possibly leading to a reduction in digestibility and consequently in dry matter intake 
(DMI) (Jenkins, 1993). Animals receiving marine algae supplementation through a rumen 
fistula had lower dry matter intake when compared to control animals, which can also 
affect milk yield (Boeckaert et al. 2008).  High contents of unsaturated fatty acids in the 
diet can generate a shift in the biohydrogenation process converting linoleic acid (C18:2) 
to C18:2 trans-10, cis-12, inducing milk fat depression caused by the reduction of 
mammary gland de novo synthesis and reduction in enzyme expression in the cell (Figure 
2) (Bauman and Griinari, 2003; Shingfield and Griinari, 2007). High polyunsaturated fat 
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supplementation causes a reduction in C18:0 supply to the mammary gland, which 
decreases the endogenous synthesis of C18:1 cis-9 due to inhibition of the ∆9 enzyme, 
limiting milk fat secretion (Glasser et al., 2007). Boeckaert et al. (2008) tested the 
hypothesis that the inclusion of algae in the diet of cattle would generate shifts in the 
rumen biohydrogenation process and alter the microbial ecosystem by conducting an 
experiment using a control diet, a starch-rich diet, a bicarbonate-buffered starch-rich diet, 
and a diet supplemented with DHA-enriched micro algae (43.0 g/kg of DMI), where 
algae was supplemented directly through a rumen fistula. The study did not observe a 
decrease in C18:0 in the rumen, and the level of C18:1 cis-9 in milk was not affected. 
They suggest that there was an increase in endogenous synthesis of this isomer or that the 
activity of the enzyme Δ9-desaturase decreased.  
Milk fat is synthesized by the combination of fatty acid uptake, fatty acid 
transport, desaturation of fatty acids, triacylglycerol synthesis, and de novo fatty acid 
synthesis. The production of C18:2 trans-10, cis-12 (Figure 2) during the shift in the 
biohydrogenation of linoleic acid has anti-lipogenic effects, inhibiting fat synthesis in the 
mammary gland and adipose tissue due to reduction of ∆9 enzyme activity (Bauman and 
Griinari, 2003). This inhibitory effect is possibly generated due to the double bond 
position (Baumgard et al., 2000; Saebo et al. 2005a). The addition of a double bond in the 
cis-6 position to the conjugated linoleic acid trans-19, cis-12 reduces the inhibitory effect 
on fat synthesis (Park et al., 2004).  Studies in vitro show that C18:2 trans-10, cis-12 and 
C18:2 cis-10, trans-12 inhibit lipid accumulation in 3T3-L1 pre-adipocytes (Griinari et 
al., 2005). This process is reversed when a carboxyl group or an alcohol is added to the 
primary carbon, followed by an addition of a functional group or a double bond to the 
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carbon chain between the position 10, 12 double bond, indicating that fatty acid structure 
play a key role on fat synthesis (Saebo et al., 2005b; Park et al., 2004). It is hypothesized 
that other isomers besides conjugated linoleic acid trans-10, cis-12/ cis-10, trans- 12/ 
trans-9, cis-11 produced during the biohydrogenation process also affect milk fat 
synthesis (Piperova et al., 2000; Piperova et al., 2002).  
 
Exogenous Fat 
 Ruminants consuming a diet supplemented with fat tend to have a higher 
absorption of FFA, which generates a decrease in de novo synthesis of free fatty acids 
from acetate in adipocytes (Chilliard, 1993). Stearic acid (C18:0) and palmitic acid 
(C16:0) are produced in greater quantities in the rumen when the free fatty acid content in 
the rumen is increased (Jenkins, 1993). In vitro studies suggest that feeding fat inhibits 
microbial growth and metabolism due to the formation of a coating over the feed particles 
(Luvisetto et al., 1987; Galbraith et al., 1971). This layer reduces the action of bacterial 
hydrolytic enzymes and consequently reduces structural carbohydrate digestibility 
(Cheng et al., 1991; Immig et al. 1991). Bacterial membrane function can also be affected 
by lipid supplementation where the hydrophobic and amphiphilic properties of the fatty 
acids cause an attachment of the exogenous fat to the bacterial membrane (Gutknecht, 
1988), disturbing the membrane function by uncoupling  oxidative phosphorylation from 
electron transfer (Luvisetto, 1987).  
 Another challenge encountered with fat supplementation in ruminants is the fatty 
acids content that flows out of the rumen is different from the fatty acid profile of the 
diet, due to the biohydrogenation process that occurs (Ward et al., 1964). The passage of 
9 
unsaturated fatty acids out of the rumen is reduced, delivering saturated fat to the small 
intestine, which is absorbed and deposited in the body (Wu et al., 1991). This process can 
be modified by offering a diet rich in nonstructural carbohydrates, where 
biohydrogenation process can be reduced and increase the flow rate of unsaturated fatty 
acids out of the rumen (Leat, 1977). Diets rich in readily fermented carbohydrates tend to 
decrease rumen pH, which increases the production of trans isomers due to bacterial 
activity and the incomplete biohydrogenation of dietary unsaturated fatty acids, leading to 
a decrease in milk fat synthesis (Staples and Cullens, 2005). To avoid these negative 
effects on ruminal digestion, fat supplementation is limited to 5% or less in the diet 
(Byers and Schelling, 1988). 
 
Tallow  
 Fat sources high in saturated fatty acids such as tallow do not alter microbial 
fermentation as greatly. Saturated fat is more insoluble and the bacterial cell would be 
less likely to attach to this isomer, decreasing digestibility (Chalupa et al., 1984). The 
amount of fat supplemented to ruminants can generate different impacts in the overall 
animal performance. Studies have shown that when supplementing 2% tallow in the diet 
there was a decrease in dry matter intake of lactating cows (Onetti et al., 2001; Onetti et 
al., 2002; Ruppert et al., 2003; Onetti et al., 2004). Onetti et al. (2001) observed a 
depression in milk production when feeding half concentrate half corn silage to Holstein 
cows and supplementing them with 2% tallow in the diet. However other studies 
observed an increase in milk production by 2 kg/d when supplementing 2% tallow to 
lactating Holstein cows consuming a forage diet (Smith et al., 1993; Onetti et al., 2002). 
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This difference could be due to the reduction in the biohydrogenation process, producing 
more C18:2 trans isomers. Even though milk production is affected differently depending 
on the diet, studies demonstrated that milk fat decreases from 0.2% to 0.47% when 
supplementing 2% tallow to lactating cows (Smith et al., 1993; Adams et al., 1995; Onetti 
et al., 2001; Onetti et al., 2002; Ruppert et al., 2003; Onetti et al., 2004). This indicates 
that concentrate diets tend to cause negative impacts on animal performance when 
supplementing 2% tallow in the diet, as it was observed by Smith et al. (1993) that by 
replacing corn silage for alfalfa hay would cease milk fat depression.  
  
Fish Oil 
 Ashes et al. (1992) demonstrated sheep consuming fish oil at 2% of the diet had 
an increase in serum lipids of 13% in eicosapentaenoic acid (EPA/C20:5n-3) and 5-fold 
in docosahexaenoic acid (DHA/C22:6n-3), and a decrease in linoleic acid (C18:2) and 
stearic acid (C18:0). No detectable amount of EPA and DHA were in the adipose tissue, 
but EPA and DHA increased by 3- and 4-fold in muscle tissue. Also, a reduction in 
vaccenic acid (C18:1 trans-11) concentrations in total muscle phospholipids was seen in 
sheep. This suggests that the fatty acid content in fish oil is only biohydrogenated to a 
certain extent, possibly due to specific ester linkage of the triglycerides being more prone 
to microbial lipases. Eicosapentaenoic acid (EPA/C20:5n-3) and docosahexaenoic acid 
(DHA/C22:6n-3) were not detected in ruminal microbial lipids of sheep supplemented 
with fish oil for 30 days. These results indicate that ruminants can incorporate DHA and 
EPA into muscle tissue, but that the amount is quite limited and may not be enough to 
affect human health.  
11 
 Fish oil inhibits the biohydrogenation of polyunsaturated fatty acids to stearic acid 
(C18:0) due to the high concentrations of EPA (C20:5n-3) and DHA (C22:6n-3). This 
increases the flow of the intermediates out of the rumen (Lee et al., 2005; Loor et al., 
2005a). It was hypothesized this inhibition occurs due to the reduction of Butyrivibrio 
proteoclasticus population, which converts trans-11 18:1 to stearic acid (C18:0) in the 
rumen (Lee et al., 2008). However, Huws et al. (2010) found no relationship between 
inclusion of fish oil in the diet and a reduction of Butyrivibrio proteoclasticus population. 
A linear regression analysis also showed no relationship between stearic acid (C18:0) 
flow out of the rumen and Butyrivibrio proteoclasticus concentration. This suggests other 
bacterial populations might be shifting the final step in the biohydrogenation process. 
 Scollan et al. (2001) observed steers consuming fish oil at 6% of total dietary 
intake had higher carcass conformation score when compared to a control and lightly 
bruised whole linseed. Animals consuming fish oil had lower subcutaneous adipose tissue 
content with higher proportions of C12:0, C14:0, C16:0 and C18:1 trans but lower 
C18:1n-9 and C18:2n-6 when compared to control animals. Fish oil increased the 
proportion of palmitic acid (C16:0) in muscle neutral lipids, but did not affect the 
proportions of stearic acid (C18:0). In muscle phospholipids the proportion of C18:1n-9 
decreased due to the replacement of it with EPA (C20:5n-3) and DHA (22:6n-3). Both 
muscle neutral lipids and phospholipids had a lower concentration of C18:2n-6. 
Consuming 100g/d of meat from animals submitted to the fish oil treatment would 
provide 103.5mg/d of n-3 fatty acids, 24 mg/d of EPA and 5.3mg/d of DHA.  
Flaxseed oil fed to finishing cattle increased the percentage of carcasses grading 
Choice and improved marbling scores due to its high content of α-linolenic acid 
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(LaBrune, 2000). However, steers receiving fish oil supplementation for 70-d, decreased 
feed intake, but average daily gain and the gain: feed ratio did not differ in response to 
this supplementation (Wistuba et al., 2006). It was observed in previous studies that 
protected PUFA did not alter in situ forage degradability, but reduced dry matter intake in 
beef cows (Cooke et al., 2011).  
 
MARINE ALGAE 
Marine algae can be used as a source of polyunsaturated fatty acids 
supplementation in that it contains a large amount of long-chain n-3 fatty acids and high 
amounts of EPA and DHA (Barsanti and Gualtieri, 2006). Feeding marine algae has been 
shown to generate an incomplete biohydrogenation of fatty acids in vitro using rumen 
samples of steers consuming a commercial pelleted grain based concentrate (Chow et al., 
2004) and in vivo feeding a high concentrate to forage ratio (65:35) (Loor et al., 2005b), 
resulting in accumulation of several C18:1 trans fatty acids and CLA in the rumen 
(Chilliard et al., 2007). Conjugated linoleic acid is produced in the rumen via 
biohydrogenation of linoleic acid (C18:2) to stearic acid (C18:0) as observed in growing 
ruminal bacterial cell cultures (Kim et al., 2000). Studies using fish oil have higher levels 
of DHA, compared with plant oils, and it is more effective in elevating the milk fat cis-
9,trans-11 conjugated linoleic acid content when supplementing lactating ewes 
consuming ad libitum hay, which leads to a reduction in production of C18:2 trans-
10,cis-12 that can inhibit fat synthesis by the mammary gland (Offer et al., 1999). This is 
due to the inhibitory effect of DHA on the reduction of vaccenic acid (C18:1 trans-11) to 
stearic acid in the rumen (Boeckaert et al., 2008). Marine algae has higher levels of DHA 
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and is expected to produce greater cis-9, trans-11 conjugated linoleic acid responses than 
fish oil.  
Inclusion of DHA enriched marine algae increased the content of trans-C18:1 in 
the rumen, which could be due to the reduction in the population of Butyrivibrio 
fibrisolvens and Butyrivibrio proteoclasticum (Lee et al., 2008). The reason why the 
isomers C18:2 trans-11, cis-15 also increase is still unknown (Vlaeminck et al., 2007). 
Harfoot and Hazlewood (1997) classified the bacteria involved in the biohydrogenation 
process in two groups, where group A hydrogenate polyunsaturated fatty acids to C18:1 
trans-11and group B complete the process by hydrogenating C18:1 trans-11 to C18:0 and 
C18:2 trans-11, cis-15 to C18:1 trans-15- and cis-15. AbuGhazaleh et al. (2009) 
demonstrated that substituting fish oil with DHA-microalgae in the diet of lactating 
Holstein cows grazing on an alfalfa-grass had no effect on vaccenic acid and conjugated 
linoleic acid cis-9, trans-11 concentrations in milk. It was also observed that there is a 
linear relationship between the reduction of stearic acid (C18:0) and the increased 
concentration of the previous isomers in the milk of animals supplemented with marine 
algae. This suggests that fish oil has less effect in the final step of the rumen 
biohydrogenation process once DHA levels are higher in marine algae and induce an 
accumulation of trans C18:1 isomers in the rumen (Boeckaert et al., 2007). 
Defaunated lambs fed a diet of hay chaff and crushed oats presented increased 
levels of vaccenic acid (C18:1 trans-11) in the abomasum and conjugated linoleic acid in 
the muscle (Dawson and Kemp, 1967), demonstrating the microbial population is directly 
involved with the biohydrogenation process, where ciliates show higher content of 
vaccenic acid and conjugated linoleic acid than bacteria (Devillard et al., 2006).  The 
14 
different fatty acid isomers affect the biohydrogenation process differently, where EPA 
and DHA tend to inhibit the hydrogenation of C18:2 n-6 and C18:3 n-3, producing more 
C18:1 trans-11 and C18:2 trans-11cis-15 (Boeackaert et al., 2007). In vivo studies show 
an accumulation of C18:1 trans- 11 in the rumen of cows supplemented with microalgae 
and of C18:2 n-6 and C18:3 n-3 due to reduced rate of lipolysis. A higher concentration 
of C18:2 trans-11, cis-15 and C18:1 trans-11 was also observed, indicating microalgae 
supplementation affects the second and third step of the biohydrogenation of C18:3n-3 to 
stearic acid (C18:0) and the second step of C18:2 n-6 to C18:0 (Boeckaert et al., 2007). 
Butyrivibrio fibrisolvens is a bacterial strain associated with rumen 
biohydrogenation of unsaturated C18 isomers (Polan et al., 1964; Wasowska et al., 2006), 
but other species such as Butyrivibrio proteoclasticus are also involved in this process 
(Maia et al. 2007; Paillard et al., 2007).  Fat sources containing high levels of EPA and 
DHA like algae can inhibit the production of stearic acid (C18:0) (AbuGhazaleh and 
Jenkins, 2004) and reduce the population of ciliates in the rumen fauna (Boeckaert et al., 
2007). Boeckaert et al. (2008) demonstrated that DHA enriched marine algae 
supplementation in cows changed the rumen fauna, thereby reducing the Butyrivibrio 
population, consequently increasing the concentration of C18:1 trans-11 and C18:1 
trans-10 and reducing C18:0. The rumen fluid of cows supplemented with marine algae 
do not present different concentrations of palmitic acid (C16:0) when compared to 
control animals, but the concentration of stearic acid (C18:0) is reduced in a linear 
manner with supplementation level (Or-Rashid et al., 2008). This occurs due to the 
inhibition in the conversion of C18:1 trans-11 to C18:0 in the presence of unsaturated 
long chain fatty acids like DHA and EPA (Lee et al., 2005).  
15 
OMASAL SAMPLING 
To understand the fatty acid biohydrogenation process in the rumen, it is 
necessary to analyze the flow of fatty acids from out of the rumen, where the bacterial 
and protozoal population is reduced (Smith, 1984; Punia and Leibholz, 1994). Typically 
duodenal fistulas are used to collect post-ruminal samples. This technique can be difficult 
due to long animal recovery time from surgery and it requires constant observation and 
maintenance (Huhtanen et al., 1997). Omasal collection has been demonstrated to be a 
more viable procedure to collect post-ruminal samples. Abomasum sample collections 
are more invasive than omasal collections, and intestinal cannulas can cause distension of 
the intestines and retention of digesta (Wenham and Wyburn, 1980).  
 
CONCLUSION 
A diet rich in polyunsaturated fatty acids, especially EPAand DHA can improve 
human health. Unsaturated fats undergo biohydrogenation in the rumen, which can be 
affected by rumen pH, type of diet offered to the animals, source of fat in the diet, 
quantity of fat supplemented to the animal and others. Because of this process, absorption 
and passage of unsaturated fat from the rumen is limited increasing the amount of 
saturated fat absorbed in the small intestine.  Fish oil and marine algae can be used as a 
source of polyunsaturated fatty acids, inhibiting to some extent the biohydrogenation 
process, accumulating several C18:1 trans fatty acids and conjugated linoleic acid (CLA) 
in the rumen.  
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OBJECTIVE 
The objective of this study was to study ruminal heterotrophically grown 
microalgae high in DHA metabolism in a high grain finishing diet. 
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CHAPTER THREE: INTRODUCTION 
Nicholson et al. (1992) reported that cattle receiving 230g/kg of fishmeal-
supplementation had a lower dry matter intake when compared to a control group, but the 
animals gained weight at the same rate due to a more efficient feed conversion. These 
results suggested there was no negative impact of fish meal supplementation on growth 
performance, because of an increase in the efficiency of use of absorbed nutrients. 
Kronberg et al. (2011) used flaxseed to supplement steers for 85-d finished on pasture.  
They obtained an average daily gain of 1.04 kg for the flaxseed group, and 0.83 kg for the 
control group, 25% greater for the supplemented steers than for the control. Methane 
production is also reduced with lipid supplementation which will have a greater impact 
on a high-fiber diet, since the amount of methane produced during microbial fermentation 
is greater than in a high-grain diet (Zinn and Plascencia, 1993). The specific application 
of PUFA sources in high-grain finishing diets has received limited attention.  Therefore, 
it is the objective to study ruminal algae PUFA metabolism in steers fed a high-grain 
finishing diet. 
 
MATERIALS AND METHODS 
ANIMALS AND EXPERIMENTAL DESING  
Eight rumen cannulated Holstein steers (BW = 337 ± 37 kg) were used in a 
replicated 4 x 4 Latin square design experiment to study the rumen metabolism of fatty 
acids incorporated into a high-grain finishing diet. Each experimental period was 
composed of 21 days. Animals were adapted to the fat supplementation for 14 days and 
placed in individual metabolism stalls for 7 days. The steers were fed a diet based on 
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75% cracked corn grain, 7.5% chopped hay and 7.5% corn silage (Table 1). Chromic 
oxide was added to the diet to determine digestibility. To accomplish this, feed for each 
experimental period was mixed in a single batch, placed in barrels and stored refrigerated 
(10ºC). 
The primary aim of the experiment was to evaluate the ruminal metabolism of 
heterotrophically grown microalgae high in DHA. Treatments were a negative control, 
with no fat supplementation (C), a positive control of tallow added at 60g/day (T), fish oil 
at 60g/day (FO) and heterotrophically grown microalgae high in DHA at 100g/day (A). 
The fish oil and the algae were analyzed for fatty acid composition and fish oil was added 
to supply an equivalent amount of total fat (60g/day). The dietary fat treatments were 
dosed in the rumen through the cannula mixed with 0.45 kg of the diet at the time of 
feeding (0700) during the adaptation period, and twice a day (0700 and 1500) during the 
7 days in individual metabolism stalls. Steers were fed at approximately 1.75 x NEm so 
that intakes were equalized across all treatments while ensuring complete consumption of 
an intake that promoted a high rate of gain.  Animals received a Revalor XS implant 
(Intervet, Summit, NJ) which is an implant containing 200 mg of trenbolone acetate and 
40 mg estradiol; at the beginning of the experiment to stimulate growth and increase 
nitrogen retention.  
 
DIGESTIBILITY AND N-BALANCE 
Intake was determined daily by weighing the feed offered and the orts remaining 
for each animal.  Feedstuffs and orts were sampled daily and stored at −4°C. Urine was 
collected at 0700 daily from day 15-21 by continuous suction using a rubber funnel 
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system attached to the ventral portion of the abdomen, collecting urine into a plastic 
collection vessel. Urine acidity was reduced to pH < 3 by adding 1 L of a 23.5% solution 
of H3PO4 to the collection vessel in order to prevent ammonia-N loss.  Urine output 
weight was recorded daily. Five percent of the urine was subsampled daily to contribute 
approximately 250 g to a composite for each period and steer.  This composite was stored 
at 0°C until analysis.  Fecal collection was accomplished by scraping fecal excretions 
into a trough behind each animal several times daily.  The wet weight of fecal output was 
recorded at 0700 daily from day 15-21 for each steer. Fecal samples were weighed and 
mixed and 10% of total fecal mass was sampled daily and frozen at 0°C until the end of 
the experiment then composited by period and steer using a Hobart mixer (Model H-600, 
Hobart Manufacturing Co, Troy, OH). 
 
RUMINAL FATTY ACID METABOLISM 
Reticulum and Omasal Sampling 
Reticulum and omasal contents were collected as described by Huhtanen et al. 
(1997) with modifications as described by Ahvenjarvi et al. (2000) using a plastic tube 
(14 mm i.d.) connected to a vacuum sampling pump (Huhtanen et al., 1997) with the tube 
manually passed thru the reticulo-omasal orifice and located in the omasum. The 
reticulum samples were also collected as described by Fredin et al. (2014) by placing a 
250 mL collection bottle in the reticulum at the reticulo-omasal orifice. After positioning 
the bottle it was then unstopped and a sample collected.  Approximately 750 mL of 
digesta per sample was collected. Reticulum and omasal samples were obtained at 0700, 
1000, 1300 and 1600 on day 16 with additional samples collected for 2 day, four times a 
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day 1 h later than on the previous day to obtain samples for each hour from 0700 – 1800 
until day 18. Separating by location, all reticulum and omasal digesta samples were 
mixed, homogenized in a blender and composited on an equal volume basis (500 mL per 
sample) and stored frozen at −20°C prior to lyophilizing and grinding.  
 
Rumen Samples 
Rumen fluid (50 mL per sample) was collected on day 19 at 2 h intervals using a 
suction strainer from 0700-1700 for pH and VFA analysis.  
 
Blood Samples 
Blood was collected on the last day of sample collection on day 21 as the animals 
were weighed at 0900.  A 20 mL sample was collected by jugular puncture using an 
empty syringe and 19 gauge needle and immediately transferred into a 50 mL centrifuge 
tube containing sodium heparin for the collection of plasma. Samples were placed 
immediately on ice, centrifuged within 30 min after collection at 12,500 × g for 30 min at 
4ºC, the plasma was separated and frozen at −80ºC.   
 
SAMPLE ANALYSIS 
Feed, Feces, Urine, Reticulum and Omasal Samples. 
Composite feed and fecal samples were dried at 55°C in a forced-air oven.  
Reticulum and omasal composites were freeze-dried.  All dried samples were ground 
through a 1 mm screen in a Wiley Mill (Model 4; Thomas Scientific, Swedesboro, NJ).  
The dried ground samples were analyzed for dry matter using AOAC method 930.15. 
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Feed, feces, and urine were analyzed for N using method 990.03 (AOAC, 2005). Feed 
and feces were analyzed for crude fat with ether extract using method 920.39 (AOAC, 
1992). Feed, feces, reticulum, and omasal samples were analyzed for Cr (Williams et al. 
1962). Feed, feces and omasal samples were analyzed for total fatty acid composition 
(Sukhija and Palmquist 1988). Total long chain fatty acid analysis was modified by 
including 50 mg/L butylated hydroxyl toluene (BHT) in benzene to protect fatty acids, 
judicious use of N2 to all vials to prevent oxidation, addition of C19:0 isomer to standards 
as an internal standard and incubation at 90°C to better hydrolyze soaps. Samples were 
analyzed using gas chromatography analysis (Hewlett-Packard GC system 6890+ with an 
FID) using a SP-2560 capillary column (100 m × 0.25 mm i.d. with 0.2 μm film 
thickness; Supelco Inc., Bellefonte, PA). The initial GC oven temperature was 60°C for 
28 min then ramped to 210°C at 2°C/min and held for 20 min. There was a second ramp 
in temperature at 1°C/min to 230°C and held for 10 min. A third and final ramp at 
2°C/min to 240°C with no hold in temperature. Injector and detector temperatures were 
maintained at 240°C, the helium carrier gas flow rate was 1 ml/min, and the split ratio 
was 100:1. Ruminal digestion of dry matter, ether extract, N and fatty acids were 
calculated as described by Bock et al. (1991). 
 
Ruminal Fluid. 
After the ruminal fluid collection the pH was measured immediately (Corning 
Model 12, Corning Scientific Instruments, Medfield, MA) and samples were prepared for 
volatile fatty acids (VFA) analysis; 10 mL samples of ruminal fluid were placed into 50-
mL centrifuge tubes and 1.00 mL 85 mM 2-ethylbutyrate internal standard was added and 
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followed by 1.00 mL 50% metaphosphoric acid.  The tubes were then capped, mixed and 
frozen overnight (-4ºC).  The following day the samples were thawed and centrifuged at 
39,000 × g for 20 min before transferring to injection vials.  The VFA concentrations 
were determined by gas chromatography with a flame ionization detector (Agilent 
HP6890 Plus GC with Agilent 7683 Series Injector and Auto Sampler; Agilent 
Technologies, Santa Clara, CA) using a Supelco 25326 Nukol Fused Silica Capillary 
Column (15 m × 0.53 mm × 0.5 µM film thickness; Sigma/Supelco, Bellefonte, PA). To 
accomplish the analysis, 0.1 µL of sample was injected at 110ºC with a 2:1 split.  After a 
1 min hold, the temperature was increased at 5 ºC /min to 125 ºC for 2 min.   The inlet 
and injector are set at 260 ºC. 
 
 Blood Samples 
Plasma was analyzed for total fatty acid profile as described by Corl et al. (2001). 
Lipids were extracted from 2mL of plasma by adding 3.0 mL hexane: isopropanol (3:2).  
This was washed with 2.0 mL sodium sulfate (67 g/L). The upper phase was removed 
and dried over sodium sulfate 30 min and transferred to a clean tube and dried with N2. 
Methylation was performed by adding 0.5 mL hexane and 40 µL methyl acetate. The 
methylation reagent was prepared using 1.75 mL methanol: 0.4 mL 5.4 M sodium 
methoxide, and 40 µL of the methylation reagent was added, layered with N2 and reacted 
at room temp for 24 h. The termination reagent was prepared by combining 1.0 g oxalic 
acid in 30 mL diethyl ether, 60 µL of the termination reagent was added, followed by the 
addition of a few grains of CaCl2. The solution was transferred to vials for gas 
chromatography analysis (Hewlett-Packard GC system 6890+ with an FID) using a SP-
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2560 capillary column (100 m × 0.25 mm i.d. with 0.2 μm film thickness; Supelco Inc., 
Bellefonte, PA). 
 
CALCULATIONS 
Dry matter digestibility (%)   
             
ୢ୰୷	୫ୟ୲୲ୣ୰	୧୬୲ୟ୩ୣ	ሺ୥/ୢሻ–	୊ୣୡୟ୪	ୢ୰୷	୫ୟ୲୲ୣ୰	୭୳୲୮୳୲	ሺ୥/ୢሻ	
ୢ୰୷	୫ୟ୲୲ୣ୰	୧୬୲ୟ୩ୣ	ሺ୥/ୢሻ  x 100 
 
Organic matter digestibility (%)   
             
୭୰୥ୟ୬୧ୡ	୫ୟ୲୲ୣ୰	୧୬୲ୟ୩ୣ	ሺ୥/ୢሻ–	୊ୣୡୟ୪		୭୰୥ୟ୬୧ୡ	୫ୟ୲୲ୣ୰		୭୳୲୮୳୲	ሺ୥/ୢሻ	
୭୰୥ୟ୬୧ୡ	୫ୟ୲୲ୣ୰	୧୬୲ୟ୩ୣ	ሺ୥/ୢሻ  x 100 
 
DM Flow (g/d)  
େ୦୰୭୫୧୳୫	ୡ୭୬ୱ୳୫ୣୢ	ሺ୥	େ୰/ୢሻ	
	େ୦୰୭୫୧୳୫	୧୬	୭୫ୟୱୟ୪	/୰ୣ୲୧ୡ୳୪୳୫	ୱୟ୫୮୪ୣ	ሺ୥	େ୰/୥	ୢ୰୷	୫ୟ୲୲ୣ୰ሻ	  
 
Corrected DM Flow (g/d)  
େ୦୰୭୫୧୳୫	ୣ୶ୡ୰ୣ୲ୣୢ	୧୬	୤ୣୡୣୱ	ሺ୥	େ୰/ୢሻ	
୓୫ୟୱୟ୪	ୡ୦୰୭୫୧୳୫	ሺ୥	େ୰/୥	ୢ୰୷	୫ୟ୲୲ୣ୰ሻ	  
 
 
Corrected apparent ruminal digestibility (%)  
 
ୈ୑୍/୓୑୍ሺ୥/ୢሻ	–	େ୭୰୰ୣୡ୲ୣୢ	୭୫ୟୱୟ୪	ୈ୑	୤୪୭୵	ሺ୥/ୢሻ	
ୈ୑୍/୓୑୍	ሺ୥/ୢሻ  x 100 
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Corrected apparent post ruminal digestibility (%)   
            
େ୭୰୰ୣୡ୲ୣୢ	୭୫ୟୱୟ୪	ୈ୑	୤୪୭୵	ሺ୥/ୢሻ	–	୊ୣୡୟ୪ୈ୑/୓୑	୭୳୲୮୳୲	ሺ୥/ୢሻ	
ୈ୑୍/୓୑୍	ሺ୥/ୢሻ  x 100 
 
Total long chain fatty acid intake (g/d) 
 
ୈ୑୍	ሺ୫୥ ୢ⁄ ሻ	୶	୤ୟ୲୲୷	ୟୡ୧ୢ	ୱୟ୫୮୪ୣ	ሺ୫୥ ୫୥ୈ୑⁄ ሻ	
ଵ଴଴଴               +    
         ୈ୑୍	୲୰ୣୟ୲୫ୣ୬୲	ሺ୫୥ ୢ⁄ ሻ	୶	୤ୟ୲୲୷	ୟୡ୧ୢ	ୱୟ୫୮୪ୣ	ሺ୫୥ ୫୥⁄ ୈ୑ሻ		ଵ଴଴଴   
 
Total long chain fatty acid output (g/d) 
୓୳୮୳୲	ሺ୫୥ ୢ⁄ ሻ	୶	୤ୟ୲୲୷	ୟୡ୧ୢ	ୱୟ୫୮୪ୣ	ሺ୫୥ ୫୥ୈ୑⁄ ሻ	
ଵ଴଴଴          
 
Total long chain fatty acid omasal flow (g/d) 
୓୫ୟୱୟ୪	୤୪୭୵	ሺ୫୥ ୢ⁄ ሻ୶	୤ୟ୲୲୷	ୟୡ୧ୢ	ୱୟ୫୮୪ୣ	ሺ୫୥ ୫୥ୈ୑⁄ ሻ	
ଵ଴଴଴          
 
STATISTICAL ANALYSIS 
The experiment was analyzed as a replicated Latin square design with mixed 
models in SAS (version 9.2; SAS Inst. Inc., Cary, NC). Volatile fatty acid data were 
analyzed using the least square means repeated measures of SAS (version 9.2; SAS Inst. 
Inc., Cary, NC), where time was included as a variable. The remaining data were 
analyzed using steer as the experimental unit and treatments were compared using 
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contrasts; Control vs. others, Tallow vs. Fishes (Algae + Fish oil), Fish oil vs. Algae 
where P < 0.05 was considered significant. 
 
RESULTS 
Addition of fat, regardless of form did not affect dry matter (DM) or organic 
matter (OM) intake, DM or OM digestibility (Table 2). Algae treatment had a tendency 
(P = 0.06) to lower fecal excretion when compared to fish oil (Table 2). No differences 
were observed in urine excretion or fecal recovery of Cr.  Animals consuming algae had a 
lower fecal crude fat percentage (P = 0.02) and higher fecal crude fat digestibility (P 
=0.0368) when compared to fish oil. Control animals had lower fecal crude fat 
digestibility (P = 0.003) compared to the other treatments.  
There were no differences among treatments in N intake, fecal N, urinary N 
excretion or N retention (Table 3). The percentage N in urine and feces were also 
unaffected by treatment.   
Rumen fermentation variables (Table 4) were influenced by time after feeding (P 
< 0.05); however, there were no time × treatment interactions so the focus will be on 
daily means for all samples collected. There was no difference in acetate and propionate 
concentrations, acetate molar proportions or total VFA concentration. Propionate molar 
proportion was higher in control (P = 0.01) and tallow (P = 0.002), but was not different 
between fish oil and algae treatments. Isobutyrate concentrations were greater (P = 0.02) 
for fat treatments than control.  Butyrate concentration (control vs others P = 0.004; 
tallow vs fishes P < 0.001; algae vs fish oil P = 0.016), and molar proportion (control vs 
others P = 0.02; tallow vs fishes P < 0.001; algae vs fish oil P = 0.28) were affected by fat 
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treatments being lower for tallow than the fish sources (P < 0.001) and greater for algae 
than fish oil (P = 0.02).  Isovalerate concentrations (control vs others P < 0.001) and 
proportions (P = 0.01) were greater for fat treatments than control. Valerate 
concentrations were greater for the fat treatments (control vs others; P = 0.0285) and 
greater for algae than fish oil (algae vs fish oil; P = 0.003). Acetate:propionate was not 
affected by treatment whereas pH was increased for all fat treatments (control vs others; 
P = 0.001). 
Corrected ruminal DM digestibility (corrected for fecal recovery of Cr) was on 
average 60.6% whereas uncorrected ruminal DM digestibility was 34.3% (Figure 4). 
Samples collected in the reticulum consistently (Figure 5A) produced higher DM flows 
out of the rumen (Figure 5B).  Omasal flow, apparent ruminal digestibility of DM and 
OM were not affected by fat supplementation (Table 5); however, ruminal DM flow 
tended (P = 0.09) to be greater for algae than fish oil. Animals receiving the fat 
treatments tended to have greater DM (P = 0.09) and OM (P = 0.08) digested post 
ruminally and animals receiving algae tended (P = 0.06) to have greater DM and had 
greater (P = 0.04) OM digested post ruminally than those receiving fish oil.  
Intake, fecal excretion and total tract digestion of starch were not affected by 
treatment (Table 6). Animals consuming tallow had higher ruminal starch digestibility 
when compared with fish oil and algae treatments (P = 0.04) and had a tendency for 
lower starch flow out of the rumen (P = 0.06).  
Tallow had the lowest ruminal and total tract digestibility of total long chain fatty 
acid (Table 7). The medium chain fatty acids from C13:0 to C17:1, with the exception of 
C16:0, were present in small amounts and only in some diets and when present were 
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completely digested in the rumen and the total tract. Algae had significant higher C16:0 
digestibility compared to fish oil (P = 0.03). Tallow, fish oil and algae treatments had 
negative C18:0 ruminal and total tract digestibility indicating a net production of this 
fatty acid in the rumen. Digestibility of EPA (C20:5n3) and DHA (22:6n3) were 100% in 
algae and fish oil treatments for ruminal and total tract digestibility indicating that the 
amount provided in the supplementation were absorbed or biohydrogenated in the rumen. 
The control diet provided the lowest levels of C16:0 total tract digestibility (P = 0.003). 
Algae and fish oil had a tendency for greater total tract digestibility of total long chain 
fatty acid when compared with tallow (P = 0.08; Table 7). 
Total long chain fatty acid omasal flow was higher for tallow, followed by algae, 
control and fish oil (tallow vs fishes P = 0.02; Table 8). Algae had the highest C16:0 
omasal flow among treatments (algae vs fish oil; P = 0.002) and control had the lowest 
(control vs. others; P = 0.003). Levels of vaccenic acid (C18:1 trans-11) were non-
detectable in omasal flow samples. Algae had a tendency to lower omasal flow of C18:0 
(P = 0.10) and tallow had the highest (P = 0.0002). Algae had a tendency for higher 
omasal flow of C18:1cis-6 (algae vs fish oil; P = 0.09) and C18:1 trans-9 (algae vs fish 
oil; P = 0.08) than fish oil. Omasal flow of C18:1 cis-9 was higher in the algae treatment 
when compared with fish oil (P = 0.03). 
The total long chain fatty acid profile of blood plasma showed that fish oil and 
algae had lower plasma C18:0 percent when compared with control (P = 0.01) and tallow 
was higher than the fish oils (P = 0.0009; Table 9). The C18:1 trans-9 plasma percent 
was greater for the fish oil and algae treatments when compared with tallow (P = 0.03) 
and tended (P = 0.08) to be lower for control than the other treatments. The C18:2n6 
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trans percent was greatest for control (P < 0.001) with the tallow lower than the fish oil 
(P < 0.001). The control treatment had lower (P = 0.04) C18:3n3 percent when compared 
to the other treatments. The algae treatment had the highest C20:4n6 plasma percent (P = 
0.005) and control the lowest (P = 0.01). The weight percent C22:6n3 (DHA) in algae 
was 4.22% while fish oil only had 1.31% (P = 0.02). Control had zero percent plasma 
DHA (P = 0.03). Fish oil and algae treatments gave the highest levels of C24:0 (P = 0.02) 
in blood plasma when compared with tallow and the control tended (P = 0.07) to be lower 
than the other treatments. 
 
DISCUSSION 
Omasal samples were obtained using a sampling tube connected to a vacuum 
pump, an Erlenmeyer vacuum flask was attached and used as a collection vessel for the 
omasum digesta (Figure 3). This system provided alternating suction and pressure to 
prevent clogs.  The sampling tube was placed by hand in the omasum by passing the 
reticulum-omasum orifice, accessed through the rumen fistula. Once the sampling device 
was placed in the omasum, the vacuum pump was initiated resulting in digesta flow to the 
Erlenmeyer flask. This technique has shown to be efficient to obtain omasum samples 
and useful to analyze digestibility parameters (Ahvenjarvi et al., 2000; Choi et al., 2002; 
Ahvenjarvi et al., 2003; Shingfield et al., 2003; Reynal and Broderick, 2005; Broderick et 
al., 2008).  
By including chromium oxide in the diet, we could determine flow of fatty acids 
out of the rumen by correlating fatty acid composition in the omasal samples and omasal 
flow. Lundy et al. (2004) obtained consistent results using Cr as a marker and analyzing 
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omasum samples to determine rumen digestibility. All digestibility calculations used 
chromium excreted in feces instead of chromium consumed in the diet. It was felt this 
provided the best estimate of Cr intake based on estimates of rumen DM digestibility 
obtained for both measures of Cr intake (Figure 4). Corrected ruminal DM digestibility 
gave a more realistic measurement of rumen DM digestibility for steers fed a high 
concentrate diet. Knowlton et al. (1998) obtained 57.3% ruminal dry matter digestibility, 
May et al. (2009) obtained 78.84% total tract dry matter digestibility for rolled dry corn, 
which is similar to corrected ruminal DM digestibility data in this study. 
We next compared DM flow between the two sampling locations, the reticulum 
vs. the omasum. The reticulum flow is higher than omasum flow across treatments 
(Figure 5a). It was felt that flows determined from reticulum samples were unrealistically 
high.  This was based on estimates of rumen starch digestibility with omasal samples 
providing more reasonable estimates (Table 6), observing previous studies where dry 
rolled corn rumen starch digestibility was 85.6% (Streeter et al., 1989), 78% (Galyean et 
al., 1976), 75.9% (Zinn , 1987), 72% (Cole et al., 1976), 70.6% (Zinn et al., 1995), and 
total tract starch digestibility was 89.8% (Zinn et al., 1995), 94% (Cole et al., 1976), 96% 
(Galyean et al., 1976) and 92.4% (Streeter et al., 1989). 
It was observed in previous studies that animals consuming high levels of 
protected PUFA supplementation had a decreased DM intake (Araujo et al., 2010; Cooke 
et al., 2011), but Duckett et al. (2002) did not observe a this decrease in intake when 
limiting the fish oil supplementation to 1% of the diet. In this study fat intake was limited 
to 60g of fat/day and the dry matter intake was approximately 1.75 x NEm to equalize 
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intake among treatments.  This would equate to only 1% added fat so it is not surprising 
intake was not affected.   
There were no differences in N metabolism. Previous studies have shown that 
lipid supplementation does not influence N metabolism (Doreau et al., 1991; Kucuk et 
al., 2004; Montgomery et al., 2014). Nitrogen degradability could increase with fat 
supplementation, due to a shift in proteolytic action of the microbes (Broderick et al., 
1991).  It was demonstrated that this occurs due to a drop in protozoal population caused 
by the added fat in the diet reducing the rate of engulfment of bacteria (Sutton et al., 
1983). 
A molar proportion was higher in tallow than in fish oil and algae treatments, 
which could be due to the fact that saturated fatty acids can shift VFA proportions, 
increasing propionate production (Jenkins, 1993) due to shifts in the microbial population 
and reductions in the protozoal population and inhibition of microbial growth (Doreau 
and Chilliard, 1997). Increases in the butyrate concentration and molar proportion 
observed in fish oil and algae treatments were observed previously in vitro by Lodge-
Ivey et al. (2013) when incubating lipid extracted algae Chlorella spp. Palmquist and 
Griinari (2006) also observed an increase in butyrate concentration in vivo when 
supplementing cattle with fish oil at 10 g/kg of DM. The presence of DHA in the rumen 
can decrease propionate and increase butyrate molar proportions once it reduces the 
protozoa population in the rumen (Vlaeminck et al., 2007), both effects have been 
observed in fat treatments containing high levels of DHA. Isobutyrate, isovalerate and 
valerate concentrations were higher when animals received fat supplementation, and 
valerate concentration was particularly increased by algae supplementation. Fat sources 
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containing high levels of C18:1 can increase the isobutyrate, isovalerate and valerate 
proportions in the rumen (Hristov et al. 2005). Rumen pH was lower for control animals 
which suggest that the fat supplementation was beneficial for maintaining a higher 
ruminal pH. Van Emon et al. (2015) did not observe differences in rumen pH when 
supplementing cattle with deoiled microalgae meal, suggesting the increased pH was a 
response from the added fat. 
The ruminal and total tract starch digestion was similar to results obtained in 
previous studies (Orskov, 1986, Buchanan-Smith et al., 1986; Holmes et al., 1970; 
McNeill et al., 1971; Hinman and Johnson, 1974a; Hinman and Johnson, 1974b, Garcia 
et al., 1981a; Hibberd et al., 1983). Increasing fat intake can reduce starch digestibility, 
once carbohydrate digestion decreases and shift VFA proportions (Jenkins, 1993). This 
study did not observe the reduction in acetate and butyrate ruminal concentrations that 
could lead to a compromised starch digestion. Bock et al. (1991) also did not observe 
differences in ruminal and total tract starch digestion when supplementing 3.5% soybean 
oil or 3.5% tallow to steers fed high concentrate diets.  
A negative rumen digestibility represents fatty acids that had higher rumen output 
than intake, due to microbial activity in the rumen. Tallow, fish oil and algae treatments 
all had negative C18:0 ruminal digestibility due to microbial fermentation saturating the 
unsaturated fatty acids generating a higher output than intake. This production of stearic 
acid is a result of the biohydrogenation process. The bacterial lipid profile is 90% 
composed of saturated fatty acids, especially palmitic (C16:0) and stearic (C18:0) acids. 
Unsaturated fatty acids also can be toxic to the microbial population and the 
biohydrogenation process in the rumen is performed by the microbial population to avoid 
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the toxicity and produce the saturated fatty acids necessary for bacterial membrane 
integrity (Kozloski, 2011).  
Previous studies did not observe differences between control and marine algae 
supplemented animals in rumen fluid C16:0 content (Or-Rashid et al., 2008). In this study 
the fatty acid content of rumen fluid was not analyzed, but intact algae had higher flow of 
C16:0 in omasal samples when compared to other treatments. A diet high in fat can 
increase the production of palmitic acid (C16:0) if the content of free fatty acids present 
in the rumen increases (Jenkins, 1993).  Previous studies have shown that animals 
consuming algae had a greater content of C18:1 trans-9 in rumen samples resulting from 
the inhibition of the reduction step from C18:1 trans to C18:0 due to the presence of 
PUFA (Lee et al., 2005; Loor et al., 2005a). In this study similar results were observed.  
The algae treatment had a higher level of C18:1 cis-6 and C18:1 trans-9, and a lower 
C18:0 flowing out of the rumen when compared to the other treatments. It has been 
suggested that the high DHA content in the diet inhibits the conversion of C18:1 trans-11 
to C18:0, due to the reduction in the Butyrivibrio fibrisolvens (Polan et al., 1964; 
Wasowska et al., 2006) and Butyrivibrio proteoclasticum (Maia et al., 2007; Paillard et 
al., 2007) population in the rumen. These bacterial strains are classified as part of a 
microbial group that completes the biohydrogenation process of C18:1 trans-11 to C18:0 
(Harfoot and Hazlewood et al., 1997). No omasal flow of C18:1 trans-11 was detected, 
but the reduction of stearic acid content flowing out of the rumen could be caused by this 
shift in microbial population, but this hypothesis cannot be confirmed as a bacterial strain 
analysis was not performed in this study. Tallow had a higher stearic acid (C18:0) content 
flowing out of the rumen when compared to fish oil and algae treatments, which was 
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expected since this fat source contains a higher concentration of stearic acid. Duckett and 
Gillis (2010) detected a higher duodenal flow of C20:5 isomers in animals consuming 1% 
fish oil, but in this study there was no detectable omasal flow of this isomer in any 
treatment.  
Blood plasma weight percentage of C16:0 was not different among treatments, 
which differs from the higher omasal outflow of this isomer in algae treatment. Algae and 
fish oil treatments presented higher levels of blood plasma C18:1 trans-9 and lower 
levels of C18:0 demonstrating that the presence of PUFA inhibited the reduction step 
from C18:1 trans to C18:0 and affected the blood plasma fatty acid concentrations. 
Cooke et al. (2011) also observed a reduction in stearic acid (C18:0) content when 
supplementing rumen-protected PUFA (10% DM basis) to 72 Angus × Hereford steers 
consuming a grain-based diet. Kitessa et al. (2001) obtained similar results where C18:0 
levels were lower in blood plasma of 5 sheep consuming unprotected and protected tuna 
oil in a hay-oat grains diet.  Similar to this study, AbuGhazaleh et al. (2003) observed an 
increase in linolenic acid (C18:3n3) plasma levels when supplementing 1% fish oil plus 
2% fat from flax seeds to 4 Holstein cows consuming 50% concentrate mix, 25% corn 
silage, 12.5% alfalfa silage, and 12.5% alfalfa hay. The presence of EPA and DHA 
inhibit the hydrogenation of C18:2n6 and C18:3n3 due to the reduction in lipolysis 
(Boeckaerta et al., 2007). In this study a reduction in C18:2n6 trans was observed in 
algae and fish oil treatments when compared to control. The percentage of C18:3n3 was 
higher in fat supplemented animals which could be a result of inhibition of 
biohydrogenation of linolenic acid (C18:3n3) to stearic acid (C18:0). Scollan et al. (2001) 
supplemented steers with 6% fish oil and obtained higher C16:0 and C18:1 trans content 
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in adipose tissue; which is similar to omasal flow data in this study; and lower C18:2n6 
content in muscle neutral lipids and phospholipids; similar to blood plasma data obtained 
in this study. This demonstrates how fatty acids are incorporated differently depending on 
the nature of the tissue. Arachidonic acid (C20:4n6) can be considered an essential fatty 
acid in cattle, and it is used for prostaglandin synthesis, but when present in excess can 
cause negative impacts such as vasoconstriction due to the production of thromboxanes 
during prostaglandin synthesis (Simopoulos, 2006). Linoleic acid (C18:2) is converted to 
C20:4n6 by chain elongation and desaturation (Church, 1988).  Arachidonic acid (20:4n-
6) was higher in the blood plasma of animals consuming the algae treatment, which is 
similar to previous studies (Kitessa et al., 2001; Cooke et al., 2011; Hess et al., 2012). 
The levels of blood plasma DHA were higher in animals consuming the algae treatment.  
This increased concentration was also observed by Hess et al. (2012) when 
supplementing 38 g of algae and fish oil to 21 mares that consumed a hay and barley diet; 
by Cooke et al. (2011) when supplementing rumen-protected PUFA; and by Kitessa et al. 
(2001) when supplementing protected and unprotected tuna oil. This indicates that DHA 
is absorbed and transported to the blood when animals consume this isomer in the diet. 
Similar results were obtained by Ashes et al. (1992) when supplementing sheep with 2% 
fish oil in the diet, presenting higher contents in serum lipids of DHA.   
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CHAPTER FOUR: SUMMARY AND CONCLUSIONS 
The supplementation of heterotrophically grown microalgae high in DHA 
(100g/d) through a rumen fistula in steers consuming a high grain  finishing diet can be 
used as a tool to modify the fatty acid profile flowing out of the rumen and present in the 
blood plasma. Algae supplementation provided a polyunsaturated fatty acid profile that 
inhibits to some extent the biohyodrogenation process in the rumen. This was indicated 
by the higher omasal outflow of C18:1 isomers; C18:1 cis-6, C18:1 trans-9 and C18:1 
cis-9; and lower outflow of C18:0. The high DHA content in this heterotrophically grown 
microalgae could affect the steps in the biohydrogenation process that occurs in the 
rumen. Blood plasma weight percent of C18:2n6 trans significantly lower in animals 
consuming algae. This could indicate a partial inhibition of the biohydrogenation process 
of C18:2n6. Algae successfully modified the fatty acid profile in blood plasma, where 
animals presented a lower weight percent of C18:0 and a higher DHA content, even 
though the flow of DHA out of the rumen was not detectable in omasal samples. Algae 
treatment also was efficient in maintaining a higher rumen pH when compared to the 
control diet, which can be beneficial on high grain diets. These data indicate that algae 
feeding may have potential to alter the fatty acid profile of steers consuming a high grain 
finishing diet. 
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Figure 1. Biohydrogenation linoleic and linolenic acid to stearic acid. 
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Figure 2. Shift in the biohydrogenation process during the conversion of linoleic acid to 
stearic acid. 
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Figure 3. Omasum sampling vacuum pump. 
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Figure 4. Ruminal dry matter (DM) digestibility using chromium intake (%) or corrected 
for fecal chromium recovery in steers fed a finishing diet with supplemental tallow, fish 
oil or high-DHA microalgae. 
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Figure 5ab. (a) Average omasum and reticulum DM flow (g/d) and (b) treatments average 
of omasum and reticulum DM flow (g/d) corrected for fecal chromium in steers fed a 
finishing diet with supplemental tallow, fish oil or high-DHA microalgae. 
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